Soil pollutants may affect root growth through interactions among phytohormones like auxin and jasmonates. Rice is frequently grown in paddy fields contaminated by cadmium and arsenic, but the effects of these pollutants on jasmonates/auxin crosstalk during adventitious and lateral roots formation are widely unknown. Therefore, seedlings of Oryza sativa cv. Nihonmasari and of the jasmonate-biosynthetic mutant coleoptile photomorphogenesis2 were exposed to cadmium and/or arsenic, and/or jasmonic acid methyl ester, and then analysed through morphological, histochemical, biochemical and molecular approaches.
Introduction
In plants, arsenic (As) and cadmium (Cd) induce detrimental effects impairing development, metabolism and productivity. The earliest and greatest damages occur in the roots altering growth and architecture (Zanella et al., 2016; Fattorini et al., 2017a; Bruno et al., 2017; Ronzan JA mediates the expression of IAA biosynthetic genes, as ANTHRANI-LATE SYNTHASE -alpha1 (ASA1) and some members of the YUCCA family (YUCCA6, YUCCA8 and YUCCA9), all involved in root growth (Sun et al., 2009; Hentrich et al., 2013; Veloccia et al., 2016; Fattorini et al., 2017b) .
So far, the crosstalk between auxin and JAs in the presence of As and Cd has been poorly investigated in rice root development. However, OsASA2 and OsYUCCA2 genes have been found to be active in IAA biosynthesis and affected by Cd and/or As (Ronzan et al., 2018) , providing a solid basis for further investigating the interactions between auxin and these pollutants in this crop.
The rice root system is fibrous and comprises ARs of embryonic origin and their post-embryonic LRs (Rebouillat et al., 2009 ). The root is the preferential target of the soil pollutants. Hence, the JAs/auxin relationship after Cd and/or As exposure on the rice root system development was here investigated in ARs and LRs of wt, transgenic line, and cpm2 mutant seedlings through an integrated morphological, histochemical, biochemical and molecular approach.
The results indicate that As and Cd affect root system morphology in both genotypes, and 1μM JAMe does not alleviate the damages caused by the toxic compounds. In the roots, OsASA2 and OsYUCCA2 expression are affected by the pollutants and by JAMe. However, As and Cd affect IAA and JAs levels in different ways, and lipid peroxidation is enhanced by As, independently from the genotype. An auxin/JAs interaction as a fine-tuning mechanism governing the developmental response/adaptation of the rice root system to Cd and/or As is discussed.
Material and methods

Plant material and growth conditions
Oryza sativa L., ssp. japonica cv. Nihonmasari (Nihon) wild type (wt), the mutant coleoptile photomorphogenesis2 (cpm2) and the rice auxin-reporter line (OsDR5::GUS), containing the highly active synthetic auxin response element (DR5) fused to β-glucuronidase (GUS) (Ulmasov et al., 1997) , were used for the experiments. Heterozygous cpm2 seeds were used, because homozygous mutant seeds were not obtained due to the male sterility of the mutant. The screening of mutant plants was carried out according to Riemann et al. (2013) . The seeds of OsDR5::GUS transgenic line were kindly provided by Prof. J. Xu.
The seeds of all genotypes were sterilized according to Ronzan and co-workers (2018) and sown on a medium containing half-strength Murashige and Skoog salts (MS, 1962) , 0.1% sucrose and 0.8% agar, at pH 5. . To this medium were added: 100 μM Na 2 HAsO 4 . 7H 2 O (100As); 100 μM CdSO 4 (100Cd); 100 μM Na 2 HAsO 4 . 7H 2 O plus 50 μM CdSO 4 (100 As +50 Cd) and 100 μM CdSO 4 plus 50 μM Na 2 HAsO 4 . 7H 2 O (100 Cd +50 As) according to Ronzan and coworkers (2018) .
The high concentrations of Cd and As used were chosen for two reasons: on one side, rice plants grown in vitro for 10 days under these conditions show toxicity symptoms but are not completely inhibited in growth (Ronzan et al., 2018) ; on the other side, in some regions of Earth, very high Cd and As levels are reached in paddy soil (Kosolsaksakul et al., 2014; Patel et al., 2016) .
Moreover, wt and OsDR5::GUS seeds were also sown on the Control medium with the addition of 1 μM JAMe combined or not with 100 μM Cd, 100 μM As, 100 μM As+50 μM Cd and 50 μM As+100 μM Cd. Jasmonic acid methyl ester was used at 1μM concentration based on our preliminary experiments.
cpm2 seeds were exposed to Cd and/or As only because both the long coleoptile in light and the reduced fertility mutant phenotypes can be restored by exogenous application of JAMe; moreover, JA responsive genes can be triggered by exogenous JAs application (Riemann personal communication) .
At least 800 wt seeds and 150 transgenic seeds were sown (5 seeds per Phytatray™ vessel). The wt and OsDR5::GUS seeds were kept in dark conditions, at 28°C, for 2 days until germination. After germination, the vessels containing the seeds were exposed to a photoperiod of 14 h light (210 μmol/m²s −1
) and 10 h dark and relative humidity at 70%, for other 8 days. Twenty seedlings of 10 days from sowing were used for the experiments.
One thousand six hundred heterozygous cpm2 seeds were sown on medium containing or not 100As, 100Cd, 100 As +50 Cd and 100 Cd +50 As and exposed directly to the long day photoperiod (as above). Two days after germination their phenotype was screened under the stereomicroscope, and seedlings (1:4) showing the mutant phenotype (Riemann et al., 2013) were selected. Twenty mutant seedlings were used per each treatment. Ultra-pure water (Milli-Q) was used for all culture media.
Morphological analysis and GUS detection
The morphological analysis was carried out on the root system of wt and cpm2 seedlings. For each root system, the length of the embryonic adventitious roots (ARs) and the number of lateral roots (LRs) and lateral root primordia (LRPs) formed on the ARs were evaluated under a LEICA MZ8 stereomicroscope. Digital images were captured using Zeiss AxioCam camera associated with the AxioVision Release 4.7.2 software. Moreover, roots and shoots of wt and cpm2 seedlings were separated and weighted.
In each treatment, the root system of OsDR5::GUS seedlings was processed for β-glucuronidase (GUS) staining according to Wang et al. (2015) . The roots were then cleared with chloral hydrate solution (Weigel and Glazebrook, 2002) , mounted on microscope slides, and observed with Nomarski optics applied to a Leica DMRB optical microscope equipped with a Leica DC 500 camera. The image analysis was performed using LEICA IM1000 Image Manager Software. The GUS signal in LRPs, LRs, and ARs was classified as "Regular", "Reduced", "Diffused" or "Absent" and the number expressed as mean percentage ( ± SE) according to Ronzan and co-workers (2018) .
Cadmium and arsenic detection
In each treatment, wild-type and cpm2 seedlings were harvested, rinsed with ultra-pure water, divided into roots and shoots, and freezedried at 0.05 mbar and −20°C for 24 h to determine plant dry weight. Each sample, consisting of 0.01-0.1 g dried material, was digested according to Ronzan and co-workers (2018) .
The As and Cd concentrations in both roots or shoots were measured with ICP-MS (X-Series II, Thermo Fisher) after microwave acid digestion (MLS Start 1500) using HNO 3 (65%, sub-boiled) and H 2 O 2 (30%, p.a.). One blank and one certified plant standard material (NIES CRM No. 10-c, unpolished rice) per every eight samples was included in the process to verify digestion quality. The recovery for As and Cd was around 80%. Additionally, the certified reference material CRM-TMDW-A (High-Purity standards, Inc.) was included into the protocol (accuracy: ± 5% for both elements) to check the quality of the ICP-MS measurements.
The translocation factor (TF) for As and Cd was evaluated as the ratio of As and Cd levels in shoots vs roots.
Hormone analyses
Auxin (IAA), jasmonic acid (JA), jasmonoyl-isoleucine (JA-Ile) and 12-oxophytodienoic acid (OPDA) were quantified in the wt and cpm2 roots and shoots. The seedlings were grown for 10 days on agarized medium containing the same MS salts and sucrose concentrations as reported above (Control medium), then transferred to a hydroponic medium containing the MS salts and sucrose, and with/without Cd and/ or As, for 8 h, 48 h, and 10 days.
IAA was extracted from 20 to 50 mg of frozen samples and (Macherey & Nagel, Düren,Germany) . Hormone contents were determined using a standardized ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/ MS)-based method according to Balcke et al. (2012) .
Quantitative RT-PCR analysis of ASA2 and YUCCA2 genes
The root system of 10 seedlings grown in the presence/absence of Cd and/or As and/or JAMe was harvested, frozen in liquid nitrogen and stored at −80°C prior to RNA extraction. Total RNA was isolated using the Spectrum Plant Total RNA Kits (Sigma-Aldrich) according to the manufacturer's instructions. RNA concentration and purity were evaluated spectrophotometrically using SmartSpec ™ Plus Spectrophotometer (BIORAD).
For cDNA synthesis, 1 μg of total RNA was reversely transcribed with Bioline SensiFAST ™ Reverse Transcriptase cDNA synthesis kit according to the manufacturer's instructions. Relative levels of OsASA2 and OsYUCCA2 mRNAs were examined by real-time PCR, using Bioer LineGene 9620 qPCR detection system. Specific primers were designed (Table Supplementary Information 2) using NCBI Primer-BLAST for both the genes of interest; the reference genes used were OsGAPDH and OsUBQ10 according to Ronzan and co-workers (2018) . The RT-qPCR experiments were carried out in 10 μL reactions containing the final concentration of 250 nM for each primer, 1x SYBR green (SensiMIX ™ SYBR ® No-ROX Kit) and 1 μL of a 1:10 cDNA dilution according to Ronzan et al. (2018) . Amplification parameters were: 95°C for 3 min; 40 amplification cycles (95°C for 15 s, 60°C for 30 s).
Peroxidation analysis
Roots (400 mg of fresh weight per treatment and genotype) of wt and cpm2 seedlings exposed or not to Cd and/or As for 5 and 10 days were used for peroxidation analysis. Peroxidation of membrane lipids was detected through the quantification of the Thio-Barbituric Acid Reactive Species (TBARS) such as malondialdehyde (MDA). MDA assay was performed according to Taulavuori et al. (2001) with slight modifications. The roots were homogenized in liquid nitrogen and extracted with 6 ml of 0.1% Trichloroacetic acid (TCA). The extracted solution was centrifuged for 5 min at 2268 g at room temperature. Per each treatment, 4 ml of the supernatant were added into 4 Falcons (1 ml in each tube), of which only one contained 1 ml of TCA at 20% (blank) and the other 3 contained 1 ml of Thiobarbituric acid (TBA) at 0.5% in TCA at 20%. The solutions were heated at 95°C for 30 min and cooled down in ice for 10 min to stop the reaction. The solutions were then centrifuged at 1000 g for 5 min at room temperature. The absorbance of the supernatants was measured, within the following 30 min, at 440, 532 and 600 nm. The MDA values were calculated according to Hodges et al. (1999) and expressed as nmoles/g of MDA on fresh weight.
Statistical analysis
Statistical analysis was performed using one or two way ANOVA test followed by Tukey's post-test (P < 0.05). All the experiments were performed in three biological replicates with similar results.
Results
Arsenic and cadmium affect root system morphology in both wt and cpm2
A morphological analysis was carried out on the root system of wt seedlings, treated or not with Cd and/or As and with or without 1 μM JAMe (JAMe), and of cpm2 exposed to the toxic compounds ( Cadmium and As, alone or combined, did not affect the mean number of ARs in the wt (Fig. 1F) . Also, the addition of JAMe did not change significantly the AR mean number in wt seedlings exposed to the toxic compounds, except for the Cd treatment in which JAMe significantly (P < 0.05) increased ARs (Fig. 1F) . On the contrary, 100As, alone or combined with 50Cd, significantly (P < 0.001) reduced the mean number of ARs in the cpm2 mutant in comparison with the wt, treated or not with JAMe ( Fig. 1F) .
Arsenic or Cd did not affect AR length in the wt (Nihon) (Fig. 1G) ; however, 100As plus 50Cd significantly (P < 0.05) reduced it in comparison with the Control and the other treatments (Fig. 1G ). The addition of JAMe did not result into a change in AR length in the wt seedlings not exposed to the toxic compounds, but significantly (P < 0.001) decreased it when combined with Cd and/or As (Fig. 1G) . In cpm2 seedlings the AR mean length was significantly (P < 0.0001) higher than in the wt, exposed or not to the toxic compounds and JAMe (Fig. 1G ).
In addition, Arsenic and Cd, alone or combined, strongly (P < 0.001) reduced the density of LRPs/LRs in wt seedlings (Fig. 1H ). JAMe significantly (P < 0.001) increased LRPs/LRs density when combined with As or Cd alone in comparison to the respective pollutant absence, whereas did not change it in the combined treatments (Fig. 1H ). In the Control, LRPs/LRs density of cpm2 seedlings was Fig. 1 . cpm2 root system morphology. A-E, Roots of seedlings non exposed to Cd and/or As (Control, A) or treated with 100 μM Na 2 HAsO 4 ·7H 2 O (100As, B), 100 μM CdSO 4 (100Cd, C), 100 μM Na 2 HAsO 4 ·7H 2 O plus 50 μM CdSO 4 (100As + 50Cd, D) and 100 μM CdSO 4 plus 50 μM Na 2 HAsO 4 ·7H 2 O (100Cd + 50As, E) for 10 days. Mean number of adventitious roots (ARs) (F), AR mean length (G), mean density of lateral root primordia (LRPs) and lateral roots (LRs) (H), root mean fresh weight (I) ( ± SE) in wt (Nihon) seedlings not treated (Control) or treated with 100As, 100Cd, 100As + 50Cd and 100Cd + 50As and/or 1 μM jasmonic acid methyl ester (JAMe) for 10 days. Mean number of ARs (F), AR mean length (G), mean density of LRPs and LRs (H), root mean fresh weight (I) ( ± SE) in cpm2 seedlings not treated (Control) or treated with 100As, 100Cd, 100As + 50Cd and 100Cd + 50As for 10 days. Different letters show statistic differences among treatments within Nihon, Nihon + JAMe and cpm2, respectively. Different symbols show statistic differences among Nihon, Nihon + JAMe and cpm2, within the same treatment. Significant differences at least at P < 0.05 level are shown. N=20. significantly (P < 0.0001) reduced in comparison with the wt treated or not with JAMe (Fig. 1H) . The exposure to Cd and/or As did not change LRP/LR density in the mutant seedlings (Fig. 1H) . The root fresh weight was similar in the wt exposed or not to Cd and/or As (Fig. 1J ) and also JAMe did not significantly affect it (Fig. 1I ). In the Control cpm2 seedlings the root fresh weight was higher (P < 0.001) than in the wt, independently from JAMe treatment (Fig. 1I) . Moreover, As and/or Cd significantly (P < 0.001) reduced root fresh weight in cpm2 in comparison to the Control (Fig. 1I) .
We also evaluated the shoot fresh weight in the wt exposed to Cd and/or As and to JAMe, and in the mutant exposed to toxic compounds only ( Fig. Supplementary Information 2) . The exposure to Cd and As, alone or combined, significantly (P < 0.01) reduced mean shoot fresh weight in wt seedlings, and JAMe showed no effect on it ( Fig.  Supplementary Information 2) . The shoot fresh weight of cpm2 seedlings was significantly (P < 0.01) higher than the wt, treated or not with JAMe, in every treatment condition ( Fig. Supplementary  Information 2) .
Jasmonates slightly influence arsenic and cadmium accumulation in rice roots and shoots
Arsenic and Cd accumulated in the roots more than in the shoots of cpm2 and wt seedlings ( Fig. 2A-B and C-D). Moreover, in the roots of both genotypes, As levels were more than twice higher than Cd levels either when the metalloid was present alone in the culture, or when it was combined with the heavy metal ( Fig. 2A-B) . Cadmium was transferred to the aerial organs more than As in both genotypes (Fig. 2C-D) . In fact, the TF in the wt was 0.20 and 0.06 for Cd and As respectively, and 0.33 and 0.014 for Cd and As in cpm2. In wt roots, the As levels reflected its concentrations in the media, whereas, the presence of Cd significantly (P < 0.001) reduced As accumulation ( Fig. 2A) . The presence of JAMe did not change the root As levels, both in the As alone and in 100As plus 50Cd. On the contrary, JAMe significantly (P < 0.01) reduced root As levels in 100Cd plus 50As treatment ( Fig. 2A) .
In the mutant, As levels in the roots were similar for each treatment condition but were significantly lower (P < 0.001) than the wt in the As alone treatment ( Fig. 2A) . However, in the mutant exposed to the combined treatments, the As levels were similar to those in wt roots ( Fig. 2A) .
Cadmium levels were higher in the single treatment respect to the combined one in wt roots, (Fig. 2B) indicating that when the two elements are simultaneously present in the medium a competition occurs to enter the root cells. The presence of JAMe significantly decreased Cd level in the Cd alone treatment (Fig. 2B) . In cpm2 roots, Cd level reached the highest level (P < 0.001) when it was applied alone (Fig. 2B) .
The As levels in wt shoots were low for every treatment, except for 100As plus 50Cd, where a highly significant (P < 0.001) increase was observed and was generally unaffected by JAMe (Fig. 2C) . Arsenic was very low in cpm2 shoots under all treatments (Fig. 2C) . In wt shoots, Cd levels were higher in the seedlings exposed to Cd alone in comparison to the combined treatments (Fig. 2D) , as it was in the roots (Fig. 2B) . Moreover, JAMe did not change significantly Cd levels in comparison to its absence (Fig. 2D ). No differences with the wt were observed for Cd accumulation in cpm2 shoots (Fig. 2D) .
Finally, JAMe did not affect the wt ability to translocate As and Cd from roots to shoots because the TF of As was 0.06 either in the presence or absence of JAMe, and that of Cd was 0.20 and 0.24 in absence and presence of JAMe, respectively.
3.3. Cd and/or As affect auxin levels in the wt more than in the mutant
In the absence of Cd and/or As, IAA levels in wt roots were stable during the whole culture period (Fig. 3A) . On the contrary, in cpm2 roots an increase of IAA was observed at 48 h (Fig. 3C) . In wt roots, after 48 h of As and/or Cd treatment, a significant (P < 0.001) increase in IAA content was observed. The hormone levels remained high until 10d in roots exposed to As alone and 100Cd plus 50As (Fig. 3A) . In cpm2 roots, exposed to As alone, the IAA level remained low and quite stable during the whole culture period (Fig. 3C ). In the same mutant, Cd caused a weak but significant (P < 0.05) increase of IAA in roots after 48h of exposure (Fig. 3C) ; the two combined treatments, instead, induced a significant decrease of hormone levels after 8 h of culture (Fig. 3C) .
The IAA levels were overall higher in the shoots compared to the roots of both genotypes (Fig. 3B,D and A,C) . In wt shoots, not exposed Fig. 2 . Arsenic and Cd accumulation in wt (Nihon) and cpm2 roots and shoots. A-B, As (A) and Cd (B) mean levels ( ± SE) in Nihon roots non exposed (Control) or exposed to 100 μM Na 2 HAsO 4 ·7H 2 O (100As), 100 μM CdSO 4 (100Cd), 100 μM Na 2 HAsO 4 ·7H 2 O plus 50 μM CdSO 4 (100As + 50Cd) and 100 μM CdSO 4 plus 50 μM Na 2 HAsO 4 ·7H 2 O (100Cd + 50As) and/or to 1 μM jasmonic acid methyl ester (JAMe), and As (A) and Cd (B) mean levels ( ± SE) in cpm2 roots non exposed (Control) or exposed to 100As, 100Cd, 100As + 50Cd and 100Cd + 50As for 10 days. C-D, As (C) and Cd (D) mean levels ( ± SE) in Nihon shoots non exposed (Control) or exposed to 100As, 100Cd, 100As + 50Cd and 100Cd + 50As) and/or to 1 μM JAMe, and As (C) and Cd (D) mean levels ( ± SE) in cpm2 shoots non exposed (Control) or exposed to 100As, 100Cd, 100As + 50Cd and 100Cd + 50As for 10 days. Different letters show statistic differences among treatments within Nihon, Nihon + JAMe and cpm2, respectively. Different symbols show statistic differences among Nihon, Nihon + JAMe and cpm2, within the same treatment. Significant differences at least at P < 0.05 level are shown. N=20.
M. Ronzan, et al. Environmental and Experimental Botany 165 (2019) [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] or exposed to the toxic compounds, a drastic reduction of IAA was measured at 48 h of culture and was followed by a significant (P < 0.001) increase at 10d, except for the As alone or combined with 100Cd treatments in which the hormone levels remained low (Fig. 3B) . In cpm2 shoots, not exposed to Cd or As, IAA levels were more stable during the culture period. However, in the presence of the toxic compounds, alone or combined, a significant (P < 0.05) decrease was observed at 8h, followed by an increase up to 10d (Fig. 3D) .
Cadmium and arsenic affect jasmonates levels in the wt more than in cpm2
In general, in wt roots, the OPDA levels were higher than those of JA and JA-Ile during the entire culture period (Fig. 4A-C) . In the Control, OPDA and JA-Ile levels significantly (P < 0.05) increased after 8h of culture, while JA significantly (P < 0.05) increased after 48h (Fig. 4A-C) . After 10d of culture, the levels of OPDA, JA and JA-Ile were similar to those at the beginning (Fig. 4A-C) . During the culture period, As and Cd, alone or combined, induced weak and non-significant fluctuations in OPDA levels (Fig. 4A) . Cadmium induced precocious (8 h-48 h) and significant (P < 0.001) increases of JA and JAIle (Fig. 4B-C) . Arsenic alone, instead, increased JA-Ile levels after 8 h (Fig. 4C) , whereas the combined treatments did not change significantly JA and JA-Ile levels ( Fig. 4B-C) .
In wt shoots not exposed to the toxic compounds, OPDA levels remained similar until 48 h and then significantly decreased (Fig. 4D) . On the contrary, JA and JA-Ile significantly (P < 0.001) increased during the first 48h and then strongly decreased (Fig. 4E-F) . Arsenic alone weakly influenced JA and JA-Ile levels, but reduced significantly (P < 0.001) OPDA levels at 8h (Fig. 4D-E) . Cadmium alone induced significant increases of JA and JA-Ile during the first 8 h-48 h, and strong decreases at 10d (Fig. 4E-F) . The OPDA levels significantly (P < 0.01) decreased at 8h in the presence of Cd alone, and then remained stable (Fig. 4D) . The two combined treatments did not modify significantly JA concentrations (Fig. 4E) . Only a slight but significant (P < 0.05) increase in JA-Ile occurred under 100Cd plus 50As treatment at 8h (Fig. 4F) . On the contrary, OPDA changed during the culture with a significant decrease after 8 h-48 h of exposure to combined treatments (Fig. 4D) .
In cpm2 roots and shoots, JA was not detectable, independently of the heavy metal and/or metalloid exposure and treatment duration.
However, racemic forms of JA-Ile and OPDA, non-enzymatically produced, were detected in cpm2. In fact, in the mutant roots, non-exposed to the toxic compounds, a significant (P < 0.001) increase of OPDA levels was observed at 10d (Fig. 5A) . Arsenic alone significantly (P < 0.001) increased OPDA starting from 48h (Fig. 5A) . Cadmium alone did not modify OPDA level in cpm2 roots, and the two combined treatments significantly (P < 0.01) increased it at 10d (Fig. 5A) . Very low levels of JA-Ile were observed in cpm2 roots, and Cd and As, alone or combined, did not influence such values during the culture (Fig. 5B) . Finally, in cpm2 shoots OPDA and JA-Ile were non-affected by the exposure to the toxic compounds during the culture (Fig. 5C-D) .
OsASA2 and OsYUCCA2 expression are affected by the toxic compounds and jasmonates
Taken together, the above results show that the root system, more than the shoots, was affected by the pollutants. For this reason, subsequent analyses were focused on the roots only.
To verify the effects of JAs on OsASA2 and OsYUCCA2 expression after Cd and/or As exposure, a transcription analysis was carried out in roots of wt seedlings exposed or not to the toxic compounds, and to JAMe. The transcript levels of the two genes were also evaluated in cpm2 roots after exposure to Cd and/or As. Fig. 6 shows OsASA2 and OsYUCCA2 expression levels normalized with OsGAPDH. Comparable results were obtained by using OsUBQ10 as reference gene (Fig. Supplementary Information 3 A-C) .
The exposure to As and Cd alone induced a significant (P < 0.001) over-expression of OsYUCCA2 in the wt roots. Cadmium alone strongly increased OsASA2 expression (Fig. 6A) , whereas the expression levels of both genes in combined treatments were similar to the Control (Fig. 6A) .
The JAMe treatment, instead, strongly (P < 0.001) increased OsASA2 and OsYUCCA2 expression in comparison with the Control (Fig. 6B) . Interestingly, when the toxic compounds were combined with JAMe no significant variation in gene expression was observed, except for As, that induced a significant (P < 0.01) over-expression of OsASA2 when combined with JAMe, even if many folds lower than with JAMe alone (Fig. 6B) .
The RT-qPCR analysis in the mutant roots showed that YUCCA2 expression was strongly affected by As and Cd alone and by 100Cd plus 50As (Fig. 6C) . OsASA2 expression also significantly (P < 0.01) Fig. 3 . Endogenous IAA contents in wt (Nihon) and cpm2 roots and shoots. A-D, IAA level in Nihon roots (A) and shoots (B) and in cpm2 roots (C) and shoots (D) non-exposed (Control) or exposed to 100 μM Na 2 HAsO 4 ·7H 2 O (100As), 100 μM CdSO 4 (100Cd), 100 μM Na 2 HAsO 4 ·7H 2 O + 50 μM CdSO 4 (100As + 50Cd) and 100 μM CdSO 4 + 50 μM Na 2 HAsO 4 ·7H 2 O (100Cd+ 50As) for 10 days. Different letters show statistic differences among treatments at the same time point. Different symbols show statistic differences within the same treatment at different times. Significant differences at least at P < 0.05 level are shown. Mean of 3 biological replicates. Fig. 4 . Endogenous jasmonates contents in wt (Nihon). A-F, OPDA, JA, JA-Ile levels in roots (A,B,C) and shoots (D,E,F) of Nihon non-exposed (Control) or exposed to 100 μM Na 2 HAsO 4 ·7H 2 O (100As), 100 μM CdSO 4 (100Cd), 100 μM Na 2 HAsO 4 ·7H 2 O + 50 μM CdSO 4 (100As + 50Cd) and 100 μM CdSO 4 + 50 μM Na 2 HAsO 4 ·7H 2 O (100Cd+ 50As) for 10 days. Different letters show statistic differences among treatments at the same time point. Different symbols show statistic differences within the same treatment at different times. Significant differences at least at P < 0.05 level are shown. Mean of 3 biological replicates. or exposed to 100 μM Na 2 HAsO 4 ·7H 2 O (100As), 100 μM CdSO 4 (100Cd), 100 μM Na 2 HAsO 4 ·7H 2 O + 50 μM CdSO 4 (100As + 50Cd) and 100 μM CdSO 4 + 50 μM Na 2 HAsO 4 ·7H 2 O (100Cd+ 50As) for 10 days. Different letters show statistic differences among treatments at the same time point. Different symbols show statistic differences within the same treatment at different times. Significant differences at least at P < 0.05 level are shown. Mean of 3 biological replicates. increased in the presence of As alone and 100Cd plus 50As (Fig. 6C ).
Auxin distribution in the rice root system is altered by Cd and As and JAMe
To evaluate whether JAs affected auxin distribution in the roots treated with Cd and/or As, a histochemical analysis was carried out using OsDR5::GUS seedlings exposed or not to JAMe, and to Cd and/or As (Fig. 7) . The embryonic ARs exhibited a DR5::GUS signal similar to the Control for every treatment (data not shown), whereas this was not the case for LRPs and LRs (Fig. 7 A-M) .
According to Ronzan and co-workers (2018) , the DR5 signal in LRPs/LRs was classified as "Regular" when present in the root cap and provascular cells or in the basal region of the LRP, as "Diffused" if spread to the entire root meristem and to the root cap, as "Reduced" when present only in the columella cells and the provascular cells, or as "Absent" when not observed all over the root tip.
In the Control, most of the LRPs showed DR5 expression in the basal part (Fig. 7A) , in most of LRs in the root cap and slightly in provascular cells (Fig. 7B) . However, in about 20% of LRs, the DR5 signal was more extended to provascular cells (Fig. 7C) . The exposure to JAMe alone resulted into a reduction in the intensity of the GUS signal in the LRPs and the LRs (Fig. 7D) . In accordance, the evaluation of the mean percentage of LRPs/LRs with Regular, Diffused, Reduced or Absent GUS signal, showed that JAMe strongly (P < 0.001) increased the percentage of roots with Reduced signal in comparison to the Control (Fig. 7N) . Also, As alone reduced DR5 expression in LRs, while expression was prevalently Regular in LRPs (Fig. 7E-F) . Because LRPs were more abundant than LRs, the combination of the two categories resulted into an increase in the percentage of LRPs/LRs with Regular signal in comparison to the JAMe alone treatment (Fig. 7N) . A decrease, or a diffusion, of the GUS signal was observed in LRPs and LRs treated with 100As plus JAMe, where the percentage of roots with Regular signal was very low, i.e., about 5% (Fig. 7N) , while the percentage with a Reduced signal increased (Fig. 7G,N) .
In the Cd treatment a significant (P < 0.001) decrease in the LRPs/ LRs with a Regular signal, and a strong (P < 0.001) increase in those with a Diffused signal, in comparison with the Control, was observed (Fig. 7H, N) . The addition of JAMe to Cd induced a significant increase of LRPs and LRs with Reduced signal (P < 0.001) in comparison to Cd alone (Fig. 7I-J, N) . In both the combined treatments a significant (P < 0.001) decrease of LRPs and LRs with Regular signal and a significant (P < 0.001) increase in those with a Reduced signal, compared to the Control, was observed (Fig. 7K, N) . The addition of JAMe to the As and Cd combined treatments strongly reduced DR5 expression (Fig. 7L-M, N) .
The absence of endogenous jasmonates increase lipid peroxidation in the roots, and mainly in As presence
To evaluate the extent of lipid peroxidation in root cells exposed to As and/or Cd, and in the absence/reduction of endogenous JAs, as occurs in the cpm2, the MDA levels were evaluated in the wt and cpm2 root systems exposed for 5 and 10 days to the toxic compounds.
In wt ARs and LRPs/LRs, the MDA levels significantly (P < 0.001) increased in the Control at 10d of culture in comparison to 5d (Fig. 8) .
In the mutant roots, not treated with the pollutants, the MDA levels were higher than in the wt already at 5d, and further increased until 10d (Fig. 8) . Compared to the Control, As significantly (P < 0.001) increased MDA levels in wt roots at 5d, whereas the other treatments only induced a significant increase later (Fig. 8) . In cpm2 mutant, the MDA levels were significantly higher (P < 0.001) in comparison to wt, either at 5d (Control, As alone, and combined treatments), or at 10d (all treatments), with the highest (P < 0.001) increase in comparison with the Control for the As single treatment at 5d (Fig. 8) .
Discussion
Present data show that the combination of exogenous JAMe with Cd and/or As alters the rice root system affecting endogenous levels of IAA and of the biologically active JAs, auxin distribution and lipid peroxidation extent. The increase in AR length in cpm2 mutant, exposed or not to the toxic compounds, suggests that JA acts as a stressor for AR development in rice. In accordance, Cho et al. (2007) showed that exogenous JAs suppressed a number of genes in rice roots, mostly coding for defence-related proteins or enzymes with antioxidant Fig. 6 . Relative expression of OsASA2 and OsYUCCA2 genes (RT-qPCR analysis) in wt (Nihon) and cpm2 roots. A-B, OsASA2 and OsYUCCA2 expression in Nihon non exposed (Control) or exposed to 100 μM Na 2 HAsO 4 ·7H 2 O (100As), 100 μM CdSO 4 (100Cd), 100 μM Na 2 HAsO 4 ·7H 2 O plus 50 μM CdSO 4 (100As + 50Cd) and 100 μM CdSO 4 plus 50 Na 2 HAsO 4 ·7H 2 O μM (100Cd + 50As) (A) and/or to 1 μM jasmonic acid methyl ester (JAMe) (B) for 10 days. C, OsASA2 and OsYUCCA2 expression in cpm2 non exposed (Control) and exposed to 100As, 100Cd, 100As + 50Cd and 100Cd + 50As for 10 days. The expression levels of the two genes in the Control were set to 1. Different letters show statistic differences for the same gene among treatments. Significant differences at least at P < 0.05 level are shown. Mean of 3 biological replicates.
activities. However, the wt AR length was reduced only when JAMe was combined with As or Cd, suggesting a common action of Cd/As and JAMe as stressors. The effect of these stressors changed with the developmental origin of the root type. In fact, the LRs increased in density when JAMe was combined with As and Cd alone. The induction of new roots may be interpreted as an adaptation response to stress conditions, e.g. for helping the root system to better explore the soil in the presence of pollutants. However, when the two pollutants were applied together, LR formation became too reduced for being reverted by JAMe application. Thus, differently from the effect on the embryonic-in-origin ARs, JAs might function as counteractors of As/Cd effects on the post-embryonic LRs, as long as the toxicity is not too high. Dhakerey and coworkers (2017) reported that the drought-stressed root system of cpm2 develops better than in the wt. In accordance with this, present data show that the AR length in the mutant was always higher than in the wt, and unaffected by the treatments. However, the LRP/LR density was lower than the wt, but again unaffected by the treatments, suggesting that a reduction in the LR component of the root system might be a consequence of the JA biosynthesis impairment of the mutant.
We observed that As and Cd levels in roots were differently affected by the treatments. In particular, the levels of both elements were significantly reduced by the simultaneous presence of Cd and As in the medium. On the contrary, JAs presence slightly affected Cd and As levels in the roots ( Fig. 2A-B) . Differences in the metal/metalloid uptake in plants can depend on elements bioavailability in the growing medium. In fact, when Cd and As are present separately in the soil their bioavailability is greater than when they are combined (Liu and Zhang, 2007; Sun et al., 2008; Ghiani et al., 2014) .The data observed here are in accordance with these findings, showing that Cd and As show an antagonistic effect on their uptake also in rice seedlings when applied together. This could be due to the variation of the soil pH (Ghiani et al., 2014; Punshon et al., 2017) , but also to a possible association of an arsenate fraction with Cd to form cadmium arsenate, therefore resulting into a reduction of As and Cd available for uptake (Ghiani et al., 2014) . Thus, we can speculate that, similarly to wheat seedlings (Liu and Zhang, 2007) , also in our conditions Cd and As levels in rice roots are Fig. 7 . Expression pattern of DR5::GUS in lateral root primordia (LRPs) and lateral roots (LRs) of OsDR5::GUS seedlings non exposed (Control, A-C) or exposed to 1 μM jasmonic acid methyl ester (JAMe, D), 100 μM Na 2 HAsO 4 ·7H 2 O (100As, E-F), 100 μM Na 2 HAsO 4 ·7H 2 O+1 μM jasmonic acid methyl ester (100As + JAMe, G) 100 μM CdSO 4 (100 Cd, H), 100 μM CdSO 4 + 1 μM jasmonic acid methyl ester (100Cd + JAMe, I-J), 100 μM Na 2 HAsO 4 ·7H 2 O+50 μM CdSO 4 (100As + 50Cd, K), 100 μM Na 2 HAsO 4 ·7H 2 O+50 μM CdSO 4 + 1 μM jasmonic acid methyl ester (100As + 50Cd + JAMe, L) and 100 μM CdSO 4 + 50 μM Na 2 HAsO 4 ·7H 2 O+1 μM jasmonic acid methyl ester (100Cd+ 50As + JAMe, M). Bars =100 μm. N, Mean percentage ( ± SE) of LRPs/LRs with Regular, Diffused, Reduced or Absent DR5::GUS expression. Different letters show statistic differences for the same signal category among treatments. Significant differences at least at P < 0.05 level are shown. N=20.
affected by their different bioavailability in the culture medium occurs for.
Proper auxin levels and distribution are key factors for a correct root system development. The present results show that Cd and/or As induced a strong and precocious increase in IAA levels in wt roots, matching with an increase in the expression levels of the IAA biosynthetic genes ASA and YUCCA. It is possible that the high IAA levels, induced by Cd and As in the wt ARs, contribute to reduce their capability to form LRs, because too high for a correct LR induction and/or an exact auxin distribution along the AR. The results show that the alteration of the DR5::GUS auxin-localization signal in the roots caused by the toxic elements can be further accentuated by exogenous JAMe, suggesting an interaction between JAMe and auxin homeostasis during root system construction mediated by Cd and/or As. However, this interaction did not reduce the toxic effects of the pollutants, as already reported to occur in rice drought stress reaction (Dhakarey et al., 2017) .
Cadmium and/or As presence enhanced OsYUCCA2 and OsASA2 expression in cpm2 roots, but no increase in IAA levels occurred. These contrasting effects are possibly linked to the absence of JA biosynthesis, and result into irregular LR formation. In line with this hypothesis, exogenous JAMe induced an over-expression of the same genes in the wt, but failed to do it when combined with Cd and/or As. Moreover, the enhanced expression of OsASA2 and OsYUCCA2 was not related to an increase in the DR5::GUS signal in the LRPs. Similarly, Sun and coworker (2009) reported that exogenous JAs increase the expression of ASA1 in Arabidopsis, but can also inhibit the regular auxin transport, acting primarily on PIN1. It is possible that also in rice the JAs are necessary for a fine-tuned regulation of auxin accumulation in the LRP founder cells, and that there is a counteracting action of JAs with Cd and As at least in this type of roots.
The observed effects of As and/or Cd on lipid peroxidation in wt roots demonstrate that As alone significantly increased MDA content, while there was no increase induced by Cd. In our conditions As resulted more toxic than Cd, thus inducing a higher production of reactive oxygen species in root cells which result into higher MDA levels. In cpm2 non-exposed to toxic compounds, the MDA levels were higher than in the wt, sustaining a role for the endogenous JAs in reducing the oxidative stress in the wt, in accordance with exogenous JAs effects observed in other plants (Yan et al., 2015) . Interestingly, MDA levels strongly increased in the mutant in As presence, further sustaining the high toxicity of As in rice and the protective effects of jasmonates on the cell membrane lipids. In fact, it is possible that the reduced levels of JAs, occurring in the cpm2 mutant, result into an increase of cell membranes damage caused by As, thus making cpm2 more sensitive to this pollutant. Nevertheless, also the physiological endogenous JAs levels of the wt did not reduce significantly lipid peroxidation induced by Cd and As, suggesting that other factors are necessary to counteract the pollutants toxicity.
Conclusions
Root system development affects overall plant growth and fitness, especially in stress conditions, as in heavy metal/metalloid polluted soils. The remodelling of root architecture in response to toxic elements can be used by plants as a strategy to escape from a pollutant stress or to adapt/survive to it. Altogether, present results show that JAs reduce or enhance the damages induced by As and/or Cd in rice depending on the root type, with a growth reduction in ARs and an increase in LRs. Even if with a minor role in alleviating the dangerous effects of the two pollutants when in combination, JAs interact with auxin, affecting its homeostasis, during the development of the rice root system in the presence of heavy metal/metalloid stress. Fig. 8 . MDA content in wt (Nihon) and cpm2 roots non-exposed (Control) or exposed to 100 μM Na 2 HAsO 4 ·7H 2 O (100As), 100 μM CdSO 4 (100Cd), 100 μM Na 2 HAsO 4 ·7H 2 O + 50 μM CdSO 4 (100As + 50Cd) and 100 μM CdSO 4 + 50 μM Na 2 HAsO 4 ·7H 2 O (100Cd+ 50As) for 5 days and 10 days. Different letters show statistic differences for the same days/genotype among the treatments. Different symbols show statistic differences between different genotype at the same day and treatment. Significant differences at least at P < 0.05 level are shown. Mean of 3 technical replicates.
